The use of a rare earth magnetic attachment system as a means of retaining dentures or maxillofacial prostheses results in artifacts, when magnetic resonance imaging (MRI) is used as a diagnostic tool. In such cases, the artifact is not caused by the magnet itself, but by the ferromagnetic stainless steel keeper that is placed in the body. This report evaluates such ferromagnetic stainless steel devices with respect to magnetic resonance imaging artifacts.
INTRODUCTION
Use of the magnetic attachment system is becoming widespread in dental treatment, as such prostheses can easily be removed. They are used as a means of retaining overdentures, removable partial dentures1-6) and more recently, maxillofacial prostheses1, [7] [8] . The magnet assemblies of the attachment system are threaded into the prosthesis base, and ferromagnetic stainless steel keepers are incorporated into abutment teeth or structure.
The presence of ferromagnetic stainless steel in the oral cavity or head is undesirable during magnetic resonance imaging (MRI).
MRI is a computer-based imaging that displays the body in thin tomographic slices. While computed tomography (CT) requires ionizing radiation, MRI is based on the interaction between radio waves and hydrogen nuclei in the body in the presence of a strong magnetic field and is considered harmless. In MRI, it is possible to visualize any of the three orthogonal planes: coronal, sagittal or transverse.
MRI is accepted as a valuable method of evaluating and diagnosing various disease processes9). One contraindication for MRI procedure is related to the strong magnetic field used during imaging and its effect on metallic materials.
There was concern regarding the risk of dislocating implanted metallic materials, but most of the reports demonstrated that there is no significant hazard related to deflection force, since the attraction force is insufficient to move or dislodge the 
Despite those studies, the relation between MRI artifacts and ferromagnetic materials
has not yet been clarified due to the lack of uniformity in composition, shape and size of the materials investigated. It is important to understand the artifacts and their relation with the materials, to avoid wrong diagnostic interpretations and to develop some means of eliminating or reducing the artifacts. Therefore, in this study, the influence of magnetic properties, shape and size of ferromagnetic stainless steel on the MRI were analyzed by images taken in an acrylic acid resin phantom.
MATERIAL AND METHODS
New options of keeper material that are being studied include the ferromagnetic stainless steel of high purity 447Jl4) and ferromagnetic stainless steel XM 2723). Based on those reports4,23), the following materials were selected for investigation: ferromagnetic stainless steel 447Jl*, XM27**. As a reference, the commonly used stainless steel 430# was chosen. Then three axes OX, OY and OZ were settled according to the imaged planes: YOX was the coronal plane, the sagittal plane was YOZ, and transverse plane was XOZ. A series of control images without artifact, grid images of the phantom without the ferromagnetic specimen, was produced. Then, each specimen was placed in the phantom and imaged in the same way. The grids in the control images were compared to those in the images with artifact.
Deviations in the grid points were calculated numerically, and in this study, deviation above 20% was considered an artifact.
This analysis was carried out along the three orthogonal axes, OX, OY and OZ.
In vivo experiment was performed in one volunteer, a healthy 38-year-old male with no dental restorations and no caries. First, control images were produced, then cylindrical samples made of 447Jl and 430, measuring 4.0mm in diameter and 0.2mm and 0.3mm in height, respectively, were set in the right lower premolar using pattern resin@ and another series of images was obtained. The images in this experiment were acquired with a spin echo sequence (TR-2000, TE-110) and (TR-2000, TE-38). @ GC Pattern Resin, GC Dental Industrial Corp., Tokyo, Japan rounded by bright lines. In the sagittal and transverse slices, the artifact shapes are as shown, an area with signal deformation surrounded by bright lines. Long spin-echo sequence images are not presented, since the artifact shape and range were quite similar to those shown in Fig. 2 . The deviation was calculated numerically, demonstrating that near the sample, distortion was more accentuated while further from the sample, distortion was attenuated in both short spin-echo and long spin-echo sequence images. Figs. 3 and 4 show the coronal, sagittal and transverse section images using a gradient echo sequence, when the spherical sample of ferromagnetic stainless steel 447Jl, 2.0mm and 3.0mm in diameter, were placed in the phantom, respectively. In this case, the artifact presents as a loss of signal (black hole), and is quite well defined. As the size of the sample increases, the artifact range increases as well. image artifact range was linearly proportional to the radius and consequentlty to the size of the sphere. With the spherical specimens, the artifact increased in the same way along all three axes. The gradient echo artifacts were larger than the other two sequences artifacts. both the sagittal and transverse slices, the artifact was as shown, an area with signal deformation surrounded by bright lines. The images obtained by long spin-echo sequence presented the same artifact shape as the images obtained using spherical samples. However, the artifact range was distinct.
In Figs. 8 through  10 , the linear progression obtained between the artifact range measured along the orthogonal axes and the specimen height are preasented.
On the short spin-echo sequences, the artifact on the OX axis and OY axis was symmetrical and increased gradually as the height of the cylinder increased.
On the OZ axis, the artifact range was that on the greater than OX and OY axes, but the degree of increase was the same. These increases were linear to the height of the cylinder. In Figs. 11 to 13 , the linear progression between the artifact range along the three settled axes and the height of the ferromagnetic stainless steel 447Jl, in the gradient echo sequence are presented. At this sequence, the artifacts were larger. The same ferromagnetic stainless steel 447Jl cylinder (height=1mm), produced an artifact measuring OX-46mm, OY-46 mm and OZ-47mm on the short spin-echo sequence, while on the gradient echo sequence the artifact was OX-49mm, OY-49mm and OZ-68mm. Fig. 14 shows the linear progression between the range of artifact measured on the OZ axis and the height of cylindrical samples. The short spin-echo sequence was used. As shown in Fig. 14, the material that produced the largest artifact was the ferromagnetic stainless steel 447Jl, then XM27 and 430, in decreasing order. In the cylindrical sample, XM27 and 430 differed only slightly.
The mass of the sphere (d=2mm) and the cylinder (h=0.3mm), were exactly the same for ferromagnetic stainless steel 447Jl. Despite this fact, the artifact range was OX-33mm, OY-31mm and OZ-34mm for the sphere and OX-24mm, OY-25mm and OZ-43mm for the cylinder. Total mass does not seem to influence the artifact.
The images taken from the volunteer are shown in Figs. 15 and 16 . The images were produced by a different sequence than that used in the in vitro experiment, even though the artifact range was similar. Regarding the height of the cylindrical sample, Fig. 15 shows that the image distortion was severe in the anterior maxillofacial region, mainly on the right side. The image distortion was surrounded by bright lines and the limit of the artifact was not well defined, although the image of the brain's posterior area was not affected. Fig. 16 is the slice taken 40mm and 50mm above the ferromagnetic sample. The image 40mm above the specimen presented a slight distortion of the nasal septum to the right side, but each anatomical structure, such as the maxillarly sinus, could be well distinguished. On image B, there is no distortion and in either slice, the right and left temporomandibular joints were visualized without deformations.
DISCUSSION
Many authors have tried to determine the relation between the ferromagnetic materials and artifacts. New et al.11) found that magnetic implants produced large artifacts relative to their mass. This finding was close to the results of Hinshaw et al. 18 ). Teitelbaum et al. 12, 14) evaluated several types and shapes of filters, stents, coils and bullets and concluded that the ferromagnetism of the materials is related to the susceptibility to artifact.
Other authors reported their experience with dental materials, as restorations, orthodontic appliances or fixed prostheses18-20,22). However, the relationship remains unclear.
In the present study, the image artifact of ferromagnetic stainless steel was studied to analyze the effect of the magnetic attachment system in magnetic resonance imaging diagnosis.
Among the alloying elements of the ferromagnetic stainless steel, the major mass element is the iron which is a ferromagnetic material.
Based on this fact, it is natural to suppose that the artifact range is directly proportional to the iron amount in the composition18). However, when comparing the results shown in Fig. 14 to the material's composition, the image artifact and the iron content of the ferromagnetic stainless steel were unrelated. Analyzing the magnetic properties of the ferromagnetic stainless steel and the imaging results in Fig. 14, correlation of the image artifact and magnetic permeability was noted in this investigation.
In this homogeneous magnetic field, other magnetic properties, such as coercive force or saturation flux density do not seem to affect the artifact range. Since, the magnetic permeability curve does not increase indefinitely, it may be that a stronger magnetic field would obtain results that were a little different. In this investigation, the extent to which the material was magnetized in a 0.2 Tesla magnetic field became determinant.
The ferromagnetic stainless steel 447Jl which had the highest value of magnetic permea- Fig. 17 Illustration of the magnetic lines of force distorted by a ferromagnetic sphere. The axes are indicated.
